Abstract: Nunavik (Northern Quebec, Canada) is experiencing a mining boom. While several studies have been conducted in the region in relation to climate change, the effects of mining have received much less attention. In this study, we explored the use of biofilms in natural streams as an indicator of potential stress on living organisms caused by metal contamination from nickel mining activities. More specifically, we assessed diatom assemblages and the presence of teratologies (morphologic abnormalities) as a response to metals in streams located in close proximity to mining sites. Metal concentrations (as well as other cations), anions and pH values varied markedly among stations. Different diatom assemblage structures (four biotypes, i.e., groups of samples with similar diatom species composition) were observed depending on the level and the type of contamination. The frequency of diatom teratologies was higher in metal contaminated sites. The present study lays the foundation for bioassessment of metal contamination in low Arctic streams using diatom-based approaches, and will serve as a point in time reference for future evaluation of ecosystems degradation or recovery in Nunavik.
Introduction
Northern regions of Canada are generally undeveloped vast and pristine environments that have been so far minimally impacted by direct human activities. Located north of the 55 • N latitude, Nunavik is a 444,000 km 2 metal-rich area in the province of Quebec (Canada). The mining industry is the main economic activity in the region and an important employer of Inuit communities. Current and planned mining expansion in Nunavik may, however, pose a threat to the integrity of the region and its biota. In particular, aquatic environments may be subjected to environmental pressures related to wastewater mining effluents. Mining companies are nowadays obligated to comply with stricter environmental regulations under the Canadian Mining Act to ensure proper monitoring during operation activities as well as site rehabilitation after mine closure. Environmental monitoring is generally based on physico-chemical measurements and bioassays (single species or multi-species toxicity tests) performed on mining effluents to verify that wastewaters meet established water quality guidelines. Routine physico-chemical monitoring (surface waters and wastewater effluents) does not, however, provide information regarding the effect of contaminants on the biota and does not account for temporal variability, bioavailability of chemicals, and additive and synergistic effects of environmental stressors such as inorganic and organic contamination, increased salinity, eutrophication, warmer water temperature, etc. [1] . Toxicity tests also have their limitations as they are often performed on species that are not necessarily relevant to the region of interest and bioassays performed on wastewater effluents may not be representative of the conditions found in the receiving natural aquatic ecosystems.
In this study, we explored the use of biofilms in natural streams as an indicator of potential stress caused by metal contamination from nickel mining activities in Nunavik. More specifically, we assessed diatom assemblages and the presence of teratologies (morphologic abnormalities) as a response to metals in streams located in close proximity to mining sites. Diatoms are widely used in routine stream biomonitoring for overall water quality assessment (e.g., IPS: Indice de Polluosensibilité Spécifique [2] ; IDEC: Indice Diatomées de l'Est du Canada [3, 4] ) and for identifying inorganic and organic contamination based on various descriptors such as the presence of teratologies, tolerant species, or other physiological and molecular responses (e.g., [5] [6] [7] ). While these indicators and biomarkers have often been used in temperate and tropical regions, their use in low Arctic streams is scarce and information is lacking, for example, regarding tolerant diatom species. This remote northern region is ideal for assessing metal contamination on the biota as other anthropogenic stressors (e.g., eutrophication) are limited, which reduces confounding effects from several types of perturbations.
Materials and Methods

Study Area
The sites selected for this study were located on the Nunavik Nickel Inc. mining complex. The Nunavik Nickel mine is located in Northern Quebec, 82 km west of Kangiqsujuaq and 140 km south-east of Salluit. Mining activities started in 2012. Two sites (open pits; Mesamax and Expo) were in activity at the time of the study (2014-2016), each one discharging wastewater effluents (June to September) from independent treatment facilities into different tributaries of the Puvirnituq River ( Figure 1 ). Sampling stations (16 or 17, depending on the sampling campaign) were selected along a metal concentration gradient, including reference stations (controls). The treated wastewater effluents from the Expo site were released about 5 km from the Expo site in a tributary of the Puvirnituq River, where three sampling stations were located along a 1.4 km gradient (stations Ef1 to Ef3). Station Ef0 was positioned upstream of the treated water effluent but may have been affected by nonpoint source contamination from the Expo site. A control station was sampled in a tributary located in close proximity (station C). Four sampling stations were selected in small watercourses near the Expo site tailing ponds to monitor potential nonpoint source contamination (Ex1 to Ex4). Two additional control stations were positioned in a river about 1.5 km north from mining activities (C1Ex and C2Ex). At the Mesamax site, five sampling stations were positioned along a potential gradient of metal contamination in another tributary of the Puvirnituq River, from the wastewater effluent to 1.2 km downstream (stations M1 to M4 and MA). Station M1 was located in close proximity to the Mesamax site but did not receive treated wastewater effluents. Station MA was added in 2015 (a few meters from M2) to be within the plume of the wastewater effluents from Mesamax. A control station was also sampled in this tributary, upstream of the mining effluent (station M0). 
Water and Biofilm Collection
Water and biofilm samples were collected six times, in early July and in late August of 2014, 2015 and 2016 to assess seasonal and annual variability in metal concentrations and in diatom assemblages. We added a number to indicate the year of sampling (1 = 2014; 2 = 2015; 3 = 2016) and a letter for the period (early July = a; late August = b). Samples for water chemistry analyses were collected in triplicates at each site (along with field blanks) and were kept cold until they were processed. Material used for collecting cations analyses was previously soaked in nitric acid 10% (v/v) for 24 h, and rinsed eight times with ultrapure water. Material used for anions was rinsed eight times with ultrapure water. Water for anions, cations, and dissolved organic carbon (DOC) was collected in 20 mL polypropylene Nalgene bottles using syringes and polysulfonate filters (0.45 μm; VWR International, Radnor, PA, USA). Samples collected for cations analyses were acidified to 0.27% nitric acid (v/v) (trace metal grade; Fisher Scientific, Pittsburgh, PA, USA). Conductivity, temperature and pH were measured on-site using portable instruments (Conductivity/temperature meter, Mettler Toledo, Greifensee, Switzerland; SevenGo SG3; pH/mV-meter Denver Instrument Model 10, Bohemia, NY, USA). Biofilms were collected from the top surface of 5-10 rocks (composite samples) using a new toothbrush at each station.
Water Chemistry and Diatom Assemblage Analyses
Anions (Cl − , SO4 2− , NO3 − , PO4 3− ) were analysed by ion chromatography (Dionex AutoIon System DX300, Sunnyvale, CA, USA), and DOC was analyzed using a total organic carbon analyzer (TOC-500A; Shimadzu, Kyoto, Japan). Cations (Na + , Mg 2+ , Al 3+ , K + , Ca 2+ , Mn 2+ , Fe 3+ , Ni 2+ , Cu 2+ , Zn 2+ , Pb 2+ ) were analyzed by inductively coupled plasma-atomic emission spectrometry (ICP-AES; Varian Vista AX CCD, Palo Altro, CA, USA). Copper, cadmium and lead were also analyzed by ICP-mass spectrometry (Thermo instrument model X7, Waltham, MA, USA). Certified controls (900Q30.100, SCP Science, Baie d'Urfé, QC, Canada; FP95-06, Environment Canada Proficiency Testing Program) were used with both ICP-MS and ICP-AES. Zinc and lead were excluded for data interpretation and discussion in this study because almost all field sample concentrations were inferior to the field blank for these metals. 
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Water Chemistry and Diatom Assemblage Analyses
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Biofilms were digested to remove organic content and clean diatom frustules from cell content. Subsamples of lyophilized biofilms were placed in 800 µL of 100 % (v/v) nitric acid for 48 h, and 200 µL of hydrogen peroxide 100% (v/v) were added for another 48 h. After complete digestion of organic material, samples were rinsed several times to remove nitric acid and bring pH to a value above 6. Microscope slides were prepared for diatom observation using Naphrax ® as the mounting medium. Diatom assemblages were observed under a Reichert-Jung Polyvar microscope equipped with differential interference contrast and a digital camera. A minimum of 400 diatom valves were identified on each slide and diatom assemblages were expressed as relative abundances. For the purpose of statistical analyses, taxa that did not reach 1% relative abundance in at least one sample were excluded. Abnormal diatom valves were counted only when clear deformities were observed, i.e., ambiguous specimens of small cell-size potentially showing subtle aberrations were not considered.
Spatio-temporal distribution of diatom assemblages was assessed by plotting biotypes (groups of samples with similar diatom composition) on a Principal Component Analysis (PCA). Biotypes were determined based on Self-Organizing Maps (SOM) conducted using the freeware R and the SOM package [8] , while the PCA was conducted using Canoco 4.5 (Microcomputer Power, New York, NY, USA) [9] . Box-plots were created using R [10] and were used to visually represent the distribution of water chemistry values for each biotype.
Results and Discussion
Water Chemistry Values
Dissolved metal concentrations varied markedly among sites for Ni, Cu and Cd. Large differences were also observed for other cations, as well as for anions and pH values (Table 1) . Measured concentrations of Ni, Cu and Cd were low at all control sites. Elevated concentrations were measured at Expo sites nearby the mining facilities (Ex2 to Ex4). The highest average concentrations were found at Ex3 (respectively 0.68 ± 0.48 mM Ni, 0.17 ± 0.13 mM Cu, and 0.21 ± 0.29 µM Cd). Ef0 was located a few meters upstream of the Expo site effluent discharge point and presented metal concentrations markedly higher than control stations. These elevated concentrations resulted from nonpoint source contamination from Ex2, Ex3 and Ex4 located~6 km upstream. Metal concentrations at Expo effluent sites Ef1 to Ef3 reflected the combined inputs from the upstream Expo stations (Ex2 to Ex4) and the direct discharge of the wastewater effluent. Station Ef3 was located much further downstream from Ef2 and Ef1 and showed a significant decrease in metal concentrations. Station M1, located upstream of the wastewater effluent but in very close proximity to the Mesamax mining installation, presented concentrations similar to control sites. This result suggests that runoff inputs and the proximity of anthropic activity did not have marked impacts on metal concentrations at this station. Concentrations in Ni and Cu at the Mesamax stations M3 and M4 were higher than at the control stations, but were much less than the values observed in proximity of the Expo site.
The lowest pH values (below 5) were recorded at Ex2, Ex3 and Ex4 while the other stations generally showed values above 6. Certain structures at the Expo site were built with tailings, which could be a source of acid drainage partly explaining the low pH values at the stations located in close proximity. Major cations were at the lowest for control stations, and the highest concentrations were measured at Ex2, Ex3 and Ex4. Although lower than at the Expo stations (Ex_ and Ef_), major cations were still elevated at Ef0 which again suggests nonpoint source contamination from upstream. Chlorides were elevated at Ex3 and more particularly at Mesamax stations, even at M0 located upstream of the treated wastewater effluent. Nitrates were present in high concentrations at Ex2, Ex4, Ef1 and MA. High nitrate concentrations may result from explosive residues used for the pit construction and metal extraction. Low nitrate concentrations were observed at all control stations, except for M0 located in close proximity to the Mesamax site suggesting some nonpoint source input. Average phosphate concentrations were relatively comparable between the sampling stations, expect for Ex3 and Ex4C where slightly higher concentrations were observed (but still in the same order of magnitude). 
Diatom Assemblages and Biotypes
A total of 176 diatom taxa were identified among the 99 samples collected, with species identified as Achnanthidium minutissimum complex and Fragilaria capucina complex the most dominant and frequent taxa observed across the study area. After applying the 1% cut-off criterion to reduce the number of rare taxa included in the analyses, the diatom dataset was composed of 87 taxa including species identified to the species level as well as species complexes and certain identifications to the genus level.
Based on sample classification from the SOM, a total of four biotypes was selected as the most appropriate number of groups for this dataset (more biotypes resulted in low number of samples in each group). The four biotypes represent groups of samples that were similar in terms of diatom assemblages and mainly reflect water chemistry characteristics. In other words, variability associated with factors such as the spatial localisation of the sampling stations, stream order, water velocity, and sampling depth did not seem to be the main structuring components of the biotypes. In particular, the control stations were positioned in different watercourses and presented similar diatom assemblages (biotype 1) due to comparable water chemistry. Similarly, station Ex3 was positioned on a very small tributary while stations Ef0, Ef1 and Ef2 were located on a much larger watercourse; on several occasions their diatom assemblages still grouped together in biotype 4 as a result of comparable chemical characteristics.
The PCA presented in Figure 2 shows the spatial and temporal distribution of the diatom samples that were color-coded as a function of their belonging biotypes (created using SOMs). Biotype 1 (yellow triangles) included all samples collected at our control stations, biotype 2 (blue circles) mainly contained samples collected at stations located around the Mesamax site, biotype 3 (green squares) grouped most samples from Ex_ and Ef_, and finally biotype 4 (red diamonds) was a mixture of samples from Ex3, Ef1 and Ef2. As a general trend, a station belonged to the same biotype throughout the study, regardless of the sampling period (July versus August or the year of collection). For example, all six samples collected at Ex3 (Figure 2 , circled with a dashed line) belonged to biotype 4 (red diamonds) and clustered together on the PCA, suggesting minimal change in diatom assemblage structure over time. The stations circled with the solid line belonged to biotypes 1 and 3, but the assemblages were still relatively similar as they clustered in close proximity on the PCA plot. This result reflects stability in diatom assemblage composition despite some fluctuating environmental conditions. This does not imply that diatom assemblage structure did not vary over time, but it suggests that this within-station variability (seasonal and annual variability) is generally less than the variability between biotypes. Only the sampling stations positioned to monitor the effects of the treated effluents from the Expo site (Ef0 to Ef3) were attributed to different biotypes depending on the location of the stations and the sampling period (Figure 2 , samples in bold). This result was expected as stations selected to monitor the effects of the treated wastewaters from the Expo site are located either just upstream of the effluent, just after the effluents or at different distances further downstream. The gradient in metal concentrations was thus more important for the Ef stations which may explain that the diatom assemblages showed higher spatio-temporal variability. For example, station Ef3 is located further downstream from the mine effluent and had, depending on the sampling period, similar diatom assemblages as the control stations. . Samples are color-coded according to the biotype they belong to. The dashed line groups the samples from Ex3 where all six diatom assemblages collected belong to biotype 4. The solid line groups the samples from the control station C1Ex where diatom assemblages belong to biotypes 1 and 3 depending on the sampling date. Samples in bold showed variability in diatom assemblages throughout the study.
Diatom Assemblages versus Water Chemistry, Tolerant Taxa and Teratologies
Box-plots (Figure 3) show that biotype 4 (red diamonds) is characterized by the highest metal concentrations (Ni, Cu, Cd). This biotype also corresponded to higher Mg concentrations and lower pH. The diatom assemblages composing biotype 4 are thus characteristic of the most degraded conditions encountered in this study. Biotype 1 (yellow triangles) corresponded to water chemistry measurements with the lowest values for Cl, Mg, NO3 and metals and included diatom samples generally collected at our control stations.
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Box-plots ( Figure 3) show that biotype 4 (red diamonds) is characterized by the highest metal concentrations (Ni, Cu, Cd). This biotype also corresponded to higher Mg concentrations and lower pH. The diatom assemblages composing biotype 4 are thus characteristic of the most degraded conditions encountered in this study. Biotype 1 (yellow triangles) corresponded to water chemistry measurements with the lowest values for Cl, Mg, NO 3 and metals and included diatom samples generally collected at our control stations. Although distinct diatom assemblage structures were observed as shown by the sample distribution on the PCA and by the distinct biotypes, sample clustering was mainly due to changes in relative abundances of the taxa rather than marked changes in the taxa present in a sample. In other words, several taxa were observed in all samples, but their relative abundances varied. For this reason, it is difficult to identify metal tolerant taxa with certitude, but certain trends may still be suggested. For example, the ubiquitous complex Achnanthidium minutissimum was by far the most Although distinct diatom assemblage structures were observed as shown by the sample distribution on the PCA and by the distinct biotypes, sample clustering was mainly due to changes in relative abundances of the taxa rather than marked changes in the taxa present in a sample. In other words, several taxa were observed in all samples, but their relative abundances varied. For this reason, it is difficult to identify metal tolerant taxa with certitude, but certain trends may still be suggested. For example, the ubiquitous complex Achnanthidium minutissimum was by far the most dominant taxa (abundance and occurrence) found in this study. However, A. minutissimum reached its highest abundances in samples belonging to biotypes 3 and 4, which were collected at the stations with the highest metal concentrations. Several studies on metal contamination reported the tolerance of this species to high metal concentrations [5, 11, 12] and it seems that the different varieties of A. minutissimum observed in these low Arctic streams also show similar tolerance. Hygropetra balfouriana was more abundant in the samples belonging to biotype 4 collected in the most severely degraded conditions (higher metal concentrations, lower pH). H. balfouriana is an acidophilic epiphytic species (often associated to mosses), which correspond to the lower pH values observed at the time samples composing biotype 4 were collected (Figure 3) . We were not able to find information on the tolerance of H. balfouriana in the literature, but its presence in our most contaminated stations suggests that this species can tolerate metals. Rossithidium petersenii was abundant in biotype 2. According to previous findings, this species is mainly epiphytic (mosses) and can withstand periodic desiccation [13] [14] [15] . R. petersenii prefers low conductivity and low to circumneutral pH [16, 17] . In addition, based on the results from the present study, this species seems to tolerate moderate to low concentrations of metals. The Fragilaria capucina complex was also found in high abundances in samples composing biotype 2. This taxon was often reported as tolerant to metals [5] . Most samples from Biotype 2 were collected at the Mesamax site, where concentrations in metals were lower than at the sampling stations from the Expo site. Tabellaria flocculosa, which was mainly abundant at control stations (biotype 1) and in samples collected at stations with low metal concentrations (biotype 2, Mesamax site), was previously reported as a species sensitive to metals [5, 18] , which is consistent with the fact that it was rarely found in samples from biotypes 3 and 4.
The presence of deformities did not show a clear trend among the different sampling stations along the metal contamination gradient. However, we observed a significantly higher (unilateral T-test; p < 0.05) proportion of teratologies at the contaminated stations versus the control stations ( Figure 4) . It is worth mentioning that the teratologies were also sometimes very difficult to assess (small taxa) and, therefore, certain subtle aberrations may have been missed [19] as we were conservative in our evaluation. A lack of relationship between % teratologies and a gradient in metal contamination was previously reported, but deformities were still observed in higher proportions in contaminated sites compared to reference (e.g., [11, 20, 21] ). As a general trend, we tended to observe more teratologies at the Mesamax stations, which is surprising considering that the samples collected around the Expo site had higher metal concentrations. Because water samples were collected once in July and once in August of 2014, 2015 and 2016, it is possible that higher metal concentrations at the Mesamax stations were simply missed and that diatom assemblages integrated temporal fluctuations, resulting in more deformities than expected based on chemistry measurements. It is also possible that hardness (Mg and Ca cations) and protons (low pH) played a protective role on metal bioaccumulation by biofilms (by competing with metals for uptake sites), resulting in a lower frequency of teratologies observed at the most contaminated Expo stations compared with the less contaminated stations in proximity to the Mesamax site. Low metal toxicity and low frequencies of teratologies have been found in other studies in environments with low pH and elevated concentrations of protective cations such as Mg and Ca (e.g., [11, 22, 23] ).
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Diatom-Based Monitoring North of the 49th Parallel
Nunavik, as many of Canada's Northern regions, is experiencing a mining boom. North of the 49 • N latitude, through its "North Plan" (Plan Nord, launched in 2011), the Quebec government promotes a sustainable economic, social and environmental development of Northern Quebec, especially in the field of mining, which already represents a major component of the economy in the region. While great potential for mining development exists, the actions undertaken will have impacts on ecosystems, particularly waterbodies receiving mining effluents and nonpoint source contamination. It is thus important to adequately quantify environmental effects on the biota caused by the mining industry by developing reliable biomonitoring approaches and protocols. While numerous studies have been conducted in the region to assess environmental fluctuations in relation to climate change, there is a paucity of information on the effects of mining, and on stream biological integrity in general. The findings from this study suggest that diatoms from watercourses in the low Arctic respond to changes in water chemistry related to mining activities, which was also observed by numerous authors in different types of temperate, Mediterranean and tropical environments (e.g., [24] [25] [26] [27] [28] ). One interesting aspect of our study is the fact that low Arctic freshwater ecosystems are mostly pristine and are not (or minimally) impacted by other human activities than mining. In this respect, diatom assemblages were not subjected to multiple stressors that may exacerbate the effects of metal contamination. The present study lays the foundation for bioassessment of metal contamination in low Arctic streams using diatom-based approaches, and will serve as a point in time reference for future evaluation of ecosystems degradation or recovery in Nunavik.
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